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Abstract

Activation of kinin-kallikrein and complement pathways by oversulfated-chondroitin-sulfate (OSCS) has been linked with
recent heparin-associated adverse clinical events. Given the fact that the majority of patients who received contaminated
heparin did not experience an adverse event, it is of particular importance to determine the circumstances that increase the
risk of a clinical reaction. In this study, we demonstrated by both the addition and affinity depletion of Clinh from normal
human plasma, that the level of Clinh in the plasma has a great impact on the OSCS-induced kallikrein activity and its
kinetics. OSCS-induced kallikrein activity was dramatically increased after Clinh was depleted, while the addition of Clinh
completely attenuated kallikrein activity. In addition, actual clinical infection can lead to increased Clinh levels. Plasma from
patients with sepsis had higher average levels of functional Clinh and decreased OSCS-induced kallikrein activity. Lastly,
descriptive data on adverse event reports suggest cases likely to be associated with contaminated heparin are inversely
correlated with infection. Our data suggest that low Clinh levels can be a risk factor and high levels can be protective. The
identification of risk factors for contact system-mediated adverse events may allow for patient screening and clinical

development of prophylaxis and treatments.
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Introduction

All medications have the potential to produce adverse events
(AEs) [1] and such adverse events lead to significant morbidity and
mortality [2,3]. Between late 2007 and early 2008 there was an
increase in heparin-associated AEs. According to the Centers for
Disease Control and Prevention (CDC) and the Food and Drug
Administration (FDA), these AEs resembled anaphylaxis and
occurred in hundreds of patients. Associated symptoms and signs
included hypotension, facial swelling, tachycardia, urticaria,
nausea and in some cases death [4,5,6,7,8]. A “heparin-like”
contaminant, oversulfated chondroitin sulfate (OSCS), found in up
to 30% of suspect lots of heparin, was associated with the AEs
[5,6]. Despite the likely distribution of millions of contaminated
heparin doses [4] only hundreds of adverse events were reported
[8]. Even with potential under-reporting, this suggests the majority
of patients who received the same lots of contaminated heparin did
not experience an adverse event. Thus, exposure to OSCS
required additional co-factors or patient susceptibilities to cause
clinical reactions.

The major symptoms of this cluster of heparin associated AEs
are characteristic of anaphylaxis [6]. Anaphylaxis includes
immunologic (e.g., IgE-mediated or immune complex-mediated)
and non-immunologic mechanisms (e.g., mediated through other
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activators of mast cell degranulation) that cause clinically
indistinguishable reactions [9]. Signs and symptoms of anaphylaxis
vary, but cutaneous features (urticaria, angioedema, and erythe-
ma) and decreased blood pressure are the most common overall
[9]. Although the AEs associated with contaminated heparin often
included hypotension, gastrointestinal symptoms were also com-
mon and urticaria was relatively rare [4,8]. Thus, IgE-mediated
allergic reactions or mast cell degranulation were unlikely
explanations for the heparin-associated adverse events [10]. IgG-
mediated hypersensitivity reactions were also unlikely explanations
due to the rapid onset of the AEs [10]. However OSCS activated
the contact system enzyme kallikrein leading to amidolytic activity
wn vitro, and OSCS caused a hypotensive response in pigs [6].

While this study of the contact system provided a potential
biologic link between the contaminant and the contact system-
assoclated anaphylactoid reactions seen in affected patients, some
animals injected with OSCS did not develop any clinical signs [6].
This is not unexpected as the majority of patients that received
contaminated lots of heparin did not develop any clinical
symptoms. Apparently, OSCS alone does not necessarily lead to
development of symptoms. Since the contact system is a major
target of OSCS and a likely cause of the clinical responses,
susceptibility factors could include components and/or regulators
of the contact system.
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We hypothesized that the C1 esterase inhibitor (Clinh) level is a
key factor in determining the outcome of OSCS exposure. This is
based upon several facts. First, Clinh, an alpha-2-globulin and
member of the serpin family of serine protease inhibitors, is a
major inhibitor for both the complement classical pathway and
contact system [11,12,13]. While Clinh is the only inhibitor of
C1r and Cls, the classical complement pathway proteases [14,15],
it also regulates intrinsic coagulation via inactivation of factor XIa
[16,17]. Importantly in our context, Clinh regulates kinin
generation via inactivation of factors XlIla and plasma kallikrein.
Second, many of the reported OSCS-contaminated heparin AE
reactions were similar to reactions caused by Clinh-deficiency,
1.e., hereditary angioedema (HAE) [12,18,19]. In addition to the
inherited Clinh-deficiency, an acquired Clinh-deficiency can also
occur due to consumption of Clinh in the situations of a sudden or
continuous activation of the complement pathways leading to a
transient or prolonged decrease in Clinh levels [11,18,20,21].
Acquired Clinh deficiency is often associated with lymphoprolif-
erative disease and/or Clinh reactive autoantibodies [11]. Clinh
levels may also vary in response to a variety of situations, such as
infection, inflammation and autoimmune diseases (e.g.,systemic
lupus erythematosus or SLE) [22,23]. Third, knocking out the Ci1
inhibitor gene to generate homozygous- and heterozygous- Clinh
deficient mice, revealed increased vascular permeability and
angioedema mediated by bradykinin via the bradykinin B,
receptor (Bk2r) [19].

If Clinh is a key factor that contributed to the OSCS linked
adverse events, then we would predict that higher or lower levels of
Clinh in the plasma should have an enhancing or inhibitory
impact, respectively, on the OSCS-induced contact system
activation. In this study, several types of analyses were used to
test this hypothesis.

Methods

Materials

OSCS-contaminated heparin lots and un-contaminated heparin
lots were obtained by the FDA from Baxter Healthcare (1000 U/
ml or 5000 U/ml in 10 ml and 30 ml vials) [7]. Synthetic
oversulfated chondroitin sulfate (OSCS) was obtained from the
Division of Pharmaceutical Analysis, FDA. St. Louis, MO.
Chondroitin sulfate A (CSA) was purchased from Sigma (St.
Louis, MO). Purified human complement C1 esterase inhibitor
(Clinh) was purchased from Sigma. Normal human plasma and
purified human prekallikrein was purchased from Innovative
Research (Novi, Michigan). Purified human Factor XIla and
Factor XII deficient plasma supplied by Hyphen BioMed (France)
was purchased through Innovative Research. Recombinant
human complement components Clr and Cls were purchased
from R&D Systems (Minneapolis, MN). Anti-complement com-
ponent C1 inhibitor mouse monoclonal antibody was obtained
from the AntibodyShop (Denmark), purified peroxidase-conjugat-
ed goat anti-human Clinh IgG was purchased from Cedarlane
laboratories (Canada). Protein A/G-Sepharose was purchased
from BioVision (Mountain View, CA). PE anti-human comple-
ment C3 monoclonal antibody was purchased from Cedarlane
laboratories.

Human Plasma Samples

Human plasma samples from patients and normal individuals
were obtained from Bioreclamation, Inc. (Hicksville, NY). All the
human samples were de-identified in such a manner that subjects
could not be identified, directly or through identifiers linked to the
subjects. Other than the clinical descriptor (e.g. sepsis), only age
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and gender of the person were collected and recorded (FDA

RIHSC Protocol #10-054D).

Affinity Depletion of Clinh from Human Plasma

16 sterile micro tubes (Sarstedt Inc., Newton, NC) each with
0.5 ml Protein A/G Sepharose beads were washed with cold PBS
twice and centrifuged at 10,000 g. To half of the tubes (designated
as “Anti-Clinh beads”) 150 ug monoclonal mouse anti-human
Clinh IgG and 1 mg of goat anti-human Clinh polyclonal IgG
were added while to the other half of the tubes (designated as
“Control beads”) either same amount of PBS or irrelevant goat
IgG was added. The tubes were incubated with rotation at 4°C for
20 minutes followed by three washes with cold PBS. Then 1 ml of
normal human plasma and of Factor XII-deficient human plasma
were added to the “Anti-Clinh beads” or “Control beads” tubes.
The tubes were mixed by rotation for 20 minutes at 4°C, followed
by centrifugation at 10,000 g. The bead-treated plasma samples
were then transferred to a second tube with the same beads and
the steps were again repeated for a total of four rounds resulting in
control human plasma, Clinh-reduced plasma, Factor XII-
deficient plasma and Clinh—/FXII- double deficient plasma.
The plasma was then aliquoted and frozen at —80°C. Clinh levels
in the plasma were determined by ELISA and more than 98% of
C1linh antigen was removed by this method. The above described
plasma treatment did not induce “cold activation” and kallikrein
level was within base line as determined by s-2302.

Kallikrein Amidolytic Activity Assay

Normal human plasma, Clinh-deficient plasma, factor XII-
deficient plasma or Clinh—/FXII double deficient human plasma
were treated with various concentration of OSCS, OSCS-
contaminated heparin, uncontaminated heparin, and chondroitin
sulfate A for 10 minutes at 37°C. The samples were then diluted
1:10 with 50 mM Tris-HCI and an equal amount of s-2302
chromogenic substrate (H-D-Pro-Phe-Arg-p-nitroaniline
[pPNA]-2HCI, DiaPharma Group, Inc., West Chester, Ohio) was
added. The samples were then incubated at 37°C for 10 minutes,
followed by the addition of 20% acetic acid to stop the reaction
and the spectrophotometric optical density (OD) was determined
at 405 nm. It is worthy to mention that s-2302 is also substrate for
FXa, FXla, FXIla and thrombin, but assay conditions as
described above can make the substrate highly specific for
kallikrein (100% reactivity for plasma kallikrein vs. <3~10% for
other factors).

Bacteria Treatment of Plasma and Clinh Deposition
Gram-negative E. coli BL2] bacteria were cultured in Luria-
Bertani (LB) broth, until an ODggg of 0.3 was reached. Then the
bacteria were washed thoroughly with cold PBS and 2x10®
bacteria were incubated with 50 pg of monoclonal polyreactive
IgM [24] at room temperature for 30 minutes and washed with
cold PBS. Then the antibody coated bacteria were added to 100 ul
of normal human plasma for 5 minutes at 37°C followed by
centrifugation at 10,000 g for 2 minutes. The plasma was then
removed and diluted with PBS and the Clinh levels were tested by
ELISA. To evaluate the Clinh deposited on bacteria, the bacteria
were washed twice with cold PBS, followed by the addition of goat
anti-human Clinh IgG-peroxidase, incubation at 4°C for
30 minutes, four washes with cold PBS, centrifugation and the
addition of 1 ml ABST substrate. Samples were then incubated at
37°C for 20 minutes, centrifuged again, and the supernatants were
read at 405 nm for OD. Bacteria that had not been treated with
plasma were used as a negative control. The bacterial treatment
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did not generate kallikrein activity as determined by assay with the

substrate s-2302.

OSCS-Induced Kallikrein Kinetics and Dose Response
Normal and Clinh-deficient human plasma that had been
treated or not treated with polyreactive antibody were mixed with
various concentrations of OSCS as indicated. After incubation for
10 minutes at 37°C, samples were diluted with 50 mM PH 7.8
Tris-HCl and s-2302 substrate was added with continued
incubation and shaking for 10 minutes at 37°C, followed by the
addition of 20% acetic acid to stop the reaction. The OD at
405 nm was measured to determine the kallikrein activity. For
OSCS-induced kallikrein kinetics, 25 pg/ml of OSCS was added
to normal plasma and Clinh-deficient plasma at different time
points. Then $-2302 was added and incubated at 37°C for
10 minutes, immediately followed by the addition of 20% acetic
acid to stop the reaction. Sample OD at 405 nm was measured.

Competition for Clinh by C1r, C1s and FXlla

To optimize the dose of Clinh for the inhibition of FXIIa,
different doses of Clinh (from 2.5 ng to 1000 ng) were incubated
with 1 ng of FXIIa in 20 pl of 50 mM Tris-HCI buffer at 37°C for
5 minutes, then added into 1 pg purified prekallikrein (in 10 pl
Tris-HCI) and the incubation continued at 37°C for 1 minute.
Then 20 pl Tris-HCI and 50 ul s-2302 were added and incubated
at 37°C for 10 minutes followed by the addition of 50 ul acetic
acid to stop reaction. Kallikrein activity was evaluated by reading
the OD at 405 nm. For the competition assay, 1 ug of
prekallikrein was added with 0.5 pg of Clinh, a mixture of
0.5 pg Clinh with 0.5 ug Cls and 0.5 ug Clr, or 50 pl Tris-HCl
buffer, and incubated at 37°C for 5 minutes. Then 1 ng of FXIIa
in 10 ul Tris-HCI buffer was added and the samples incubated at
37°C for another 5 minutes. 50 ul s-2302 was then added and the
samples were incubated at 37°C for 10 minutes. The reaction was
stopped by the addition of 50 ul 20% acetic acid and the OD at
405 nm was measured.

Functional Clinh in plasma

Functional Clinh was determined by a chromogenic assay using
the Technochrom Cl-inh kit (DiaPharma Group, Inc., West
Chester, Ohio) according to the manufacture’s instruction with
some modifications. Briefly, all the reagents provided in the kit
were reconstituted and prepared; all the plasma samples and
reference standard were diluted with Sample Buffer A at a ratio of
1:11 and put on ice. 50 ul diluted plasma samples and standard
reference were added into 96-well polystyrene plates with
duplication and kept on ice. Then 25 ul/well Cls was added,
followed by incubation at 37°C for 5 minutes. Plates were then
again put on ice, 125 pl of substrate C1-1 was then added to each
well and the plates were incubated at 37°C for 3 minutes. Plates
were placed on ice and 50 ul/well of 50% acetic acid was added
immediately. The OD at 405 nm was read on a Perkin Elmer
Victor Multilabel Plate Reader (Waltham, Massachusetts). Func-
tional Clinh levels were calculated using the standard reference
curve.

Statistical Analysis

Duplicate samples were evaluated and experiments were
repeated at least three times except as noted. Data are presented
as mean or mean * standard error of the mean. For patient
samples, data are expressed as mean of duplicates for each sample
and mean * SD for the group. The Pearson product-moment
correlation coeflicient was used to evaluate the correlation
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between variables. Difference between groups and all paired
comparisons were subjected to unpaired or two-tailed Student’s t
tests, respectively. Significance was set at a p value of less than
0.05. All differences noted in experiments with multiple paired
comparisons were significant at a p value of <0.01.

Adverse Event Report Descriptions

Adverse event reports submitted to the FDA were evaluated
using Empirica Signal 7.2 software. Queries to count cases used
CBAERS BestRep (S+C) data. This data set contains the best
representative cases, includes suspect as well as concomitant drugs
and has duplicate removal. All queries were limited to cases where
the active ingredient heparin was reported as a suspect or
concomitant drug and the term ‘‘dialysis” was present in the
narrative. This set of case reports was divided into two groups.
One group had event dates from 11/1/2007 to 3/31/2008, the
timeframe of the OSCS contamination. The second contained all
the other reports from 1/1/2000 to 12/31/2010 as a control
group. Additional queries were then limited by other reported
events or medications. Event terms used in these queries were
Medical Dictionary for Regulatory Activities (MedDRA) Preferred
Terms (PT) or High Level Group Terms (HGLT) terms and are
described in Appendix S1. Drug terms used in the queries are
terms based on the Anatomical Therapeutic Chemical (ATC)
classification system and also described in Appendix S1.

Results

C1 inhibitor regulates OSCS-induced kallikrein activity

To determine if Clinh plays any role in OSCS-induced
kallikrein amidolytic activity, normal human plasma and the same
plasma depleted of Clinh were incubated with OSCS and then
kallikrein activity was compared using a chromogenic assay. As
shown in figure la, OSCS induced kallikrein activity in normal
plasma and when Clinh was depleted, kallikrein activity was
dramatically increased. Kallikrein activity by OSCS in both
normal and Clinh-deficient plasma was FXII-dependent, since
the depletion of FXII alone or both FXII and Clinh together led
to an absence of kallikrein activity. A control glycosaminoglycan
(GAG), chondroitin sulfate A (CSA) did not induce kallikrein
activity independent of Clinh or FXII levels (Figure 1a). The data
also indicate the experimental depletion of FXII and Clinh did
not induce additional kallikrein activity in the controls. The
inhibitory role of Clinh in the OSCS-induced kallikrein activity
was confirmed by adding highly purified Clinh into Clinh-
depleted plasma before the addition of OSCS. Kallikrein activity
was totally inhibited with the addition of 200 pg/ml of Clinh
(Figure 1b).

C1 inhibitor can be depleted by complement activation
leading to increased OSCS-induced kallikrein activity

To rule out an effect on kallikrein activity specific to affinity
depletion of Clinh, we evaluated the effect of Clinh consumption
through a biologically relevant pathway, bacterial activation of
complement [24]. Complement C1 and C3 fixation on bacteria
were detected by immunostaining and FACS analysis (data not
shown), and there was significant deposition of Clinh on bacterial
surfaces after incubation with plasma (Figure 2a). As expected
from the observed Clinh deposition, the plasma Clinh level was
decreased in bacteria-treated plasma (Figure 2b). While the
bacterial treatment alone did not generate kallikrein activity,
OSCS-induced kallikrein activity was strikingly increased in the
bacteria-treated plasma as compared to non-bacteria treated
control plasma (Figure 2¢). Kallikrein activity induced by OSCS
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doi:10.1371/journal.pone.0034978.g001

contaminated-heparin has a similar pattern as compared with the
kallikrein activity induced by synthetic OSCS. A PBS control,
CSA and uncontaminated-heparin did not induce kallikrein
activity in either bacteria-treated or untreated plasma (Figure 2c).
The addition of Clinh completely inhibited the OSCS-induced
kallikrein activity in both normal plasma and bacteria-treated
plasma (Figure 2d).

Kinetic and dose response of OSCS-induced kallikrein
activity

A kinetic study showed that OSCS-induced kallikrein activity
reached a peak within 10 minutes in Clinh-depleted plasma while
the OSCS-induced kallikrein activity took 15 minutes to peak in
normal plasma (Figure 3a). Kallikrein activity was reduced to half-
maximal levels in approximately 10 minutes in normal plasma
while a similar reduction took more than 30 minutes in Clinh-
reduced plasma. Thus, the kinetics as well as the levels of kallikrein
activity were impacted by Clinh depletion. The more rapid
induction, higher levels and longer duration of kallikrein activity
observed in the Clinh-depleted plasma suggest an earlier, higher
and longer exposure to kallikrein products, such as bradykinin.
Bradykinin (BK) or related molecules are considered likely
mediators of the OSCS contaminated heparin-induced clinical
symptoms, such as hypotension and gastrointestinal symptoms
[25].

The dose response of OSCS was similar in both normal plasma
and Clinh-depleted plasma with increases in kallikrein activity
occurring at levels above 1 pg/ml; however, the magnitude of
kallikrein activity was higher in Clinh-depleted plasma (Figure 3b
and 3c).

After a robust increase, kallikrein activity remained relatively
flat within a broad range (5 to 150 pg/ml) of OSCS concentra-
tions. This finding is consistent with the observation of the CDC
study [4] that no major difference in symptoms was noted between
lots above and below 20% contaminant. Of note, a prior study
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using AERS data [8] indicated that a lot with a low concentration
of OSCS (~3%) was less likely to be associated with a time-to-
event of 10 minutes or less in selected cases.

The addition of antibody coated bacteria to plasma increased
the magnitude of the OSCS induced kallikrein activity in both
normal (Figure 3b) and Clinh depleted plasma (Figure 3c). The
increased magnitude of OSCS induced kallikrein activity in Clinh
depleted plasma may be due to further depletion of Clinh through
complement activation although other bacterial effects are
possible.

Complement components C1r and C1s compete with
FXlla for Clinh interaction

To confirm the role of Clinh consumption in the above
experiments, a simplified model with purified proteins was used to
determine if the interaction of complement components Clr and
Cls with Clinh will have any impact on the contact system
component, activated FXII (FXIIa). A mixture of purified plasma
prekallikrein and FXIIa generate kallikrein as shown in figure 4.
The kallikrein activity was dependent on the level of prekallikrein
(Figure 4a) and FXIIa (Figure 4b). Pre-incubation of Clinh with
FXIla has a dose-dependent inhibition on the FXIIa activation of
prekallikrein into kallikrein (Figure 4c). This inhibition of FXIIa by
Clinh was blocked by the addition of Clr and Cls to Clinh
(Figure 4d). This finding supports complement consumption of
Clinh as the mechanism for the increased susceptibility of
bacteria-treated plasma to OSCS induced kallikrein activation.

Plasma of patients with higher Clinh levels exhibited
lower OSCS-induced kallikrein activity

To check if there is any relationship between OSCS-induced
contact system activation and the level of C1 inhibitor in patient
populations, OSCS was added to plasma samples from normal
individuals and patients with sepsis. Although C1 inhibitor levels
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can be depleted due to consumption by bacterial activation of
complement @ wvitro, in vivo Clinh levels can increase due to
elevated Clinh synthesis in response to infections [26]. As shown
in figure 5a, OSCS-induced kallikrein activity was significantly
lower in plasma from septic patients than in plasma of normal
individuals. This suggested an overall increase in Clinh levels in
sepsis and in some studies on sepsis, C1-inh levels were increased
depending on the clinical state of the patients [27,28,29]. C1 inh
levels were evaluated in our samples by measuring C1 inh function
rather than C1 inh antigen since functional C1 inh is more
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relevant for adverse events [23]. We also observed a significant
difference of the average functional Clinh level between normal
plasma samples and septic patient samples. The average normal
plasma Clinh level was 130% of the reference standard and the
average septic plasma Clinh level was 175% of the reference
standard. The large diversity of the functional Clinh level within
samples of both groups indicates Clinh level varies among
individuals and depends on the pathophysiological status of
patients. Clinh levels in septic patients was as low as <20% or
as high as 300% of the reference standard (Figure 5b).
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For sepsis, this variability may depend on sample timing with
depletion of Clinh in very early infection followed by a rapid
increase with upregulated Clinh synthesis. If the patient
deteriorates Cl inh levels may again decrease. Nujiens et al
demonstrated that, despite elevated antigenic levels of C1 inh,
some patients with sepsis have increased levels of inactivated
C1 inh and relative functional Clinh deficiency [23]. This
suggests further evaluation of inactivated C1 inh in prognosis
and C1 inh in treatment of deteriorating patients. However a
number of studies besides our own have observed increased
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functional C1 inh activity in subgroups of septic patients
[27,28,29]

Since the differences in functional Clinh levels across the
sample populations did not fully explain the pattern of OSCS-
induced kallikrein activity observed, we evaluated the relationship
between OSCS-induced kallikrein activity and functional Clinh in
each sample. This evaluation demonstrated a significant negative
relationship between Clinh functional activity and OSCS-induced
kallikrein activity with an R of —0.413 (Figure 5c). Although the
data showed a lower functional Clinh index is generally related to
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doi:10.1371/journal.pone.0034978.g004

a higher OSCS-induced kallikrein activity in the plasma, the R
value and outlier points suggest there are other potential factors,
such as Factor XII. Levels of Factor XII and prekallikrein have
been shown to decrease in some septic patients [27,29]. However,
these results suggest the level of Clinh is likely to be an important
factor in patient susceptibility to OSCS and there may be enough
variability in Clinh levels to impact the clinical outcome of OSCS
exposure.

@ PLoS ONE | www.plosone.org

A lower frequency of adverse events reports was
associated with infection during the OSCS contamination
timeframe

Although in rare patients sepsis was associated with low levels of
functional C1 inhibitor, in general Clinh levels in the septic
plasma were higher, and OSCS-induced kallikrein activity was
lower in the septic patient samples. To look for a negative
correlation between infections and OSCS-mediated adverse
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Figure 5. OSCS-induced kallikrein activation in patient plasma samples. (A) OSCS-induced kallikrein activation and (B) functional Clinh
levels in plasma samples from normal individuals (n =40) and from patients with septic shock (n=32). (C) The relationship of OSCS-induced kallikrein
activity and functional Clinh levels using the same samples. The error bars correspond to mean = SD for each patient group. The correlation
coefficient r= —0.413 indicates a negative association between functional Clinh levels and OSCS-induced kallikrein activation. Data shown here were

representative of three independent experiments.
doi:10.1371/journal.pone.0034978.9005

events, we compared adverse event reports during the time period
of heparin contamination with other adverse event reports
(Table 1) as described in the Materials and Methods. There was
a very large increase in rate of adverse event reports during the
timeframe of OSCS contamination. As expected, the frequency of
events associated with the contaminant, hypotension and gastro-
intestinal symptoms, more than doubled during this period.
Although the overall rate of reporting infection and sepsis was not
that different between the groups, when the groups were filtered
for either hypotension or gastrointestinal symptoms, signs
associated with contaminated heparin exposure, infections and
sepsis were less frequent during the timeframe of OSCS
contamination. Of note, for cases reporting gastrointestinal
symptoms, sepsis was less than half as frequent during the OSCS
contamination timeframe. Another measure of infection was the
use of anti-infective medications. Use of anti-infectives was far less
likely to be reported with adverse events during the OSCS
contamination timeframe. This decreased frequency of reporting
was also observed when cases were filtered for either hypotension
or gastrointestinal symptoms and when a slightly different set of
anti-infective search terms were used. The relative differences in
frequency between infections and anti-infectives may relate to the
severity and nature of the infections. Those relative differences

decrease when the data is filtered for hypotension or gastrointes-
tinal symptoms.

Since the mechanism that links elevated kallikrein activity to the
observed symptoms had been postulated to be the generation of
kinins, such as BK [25], any factor that increases the levels or
prolongs the duration of BK might impact the risk of OSCS
exposure. ACE inhibitors (ACEi) can increase the levels and
prolong the duration of BK by decreasing BK degradation [25].
To evaluate this, we compared the frequency of reported ACEi use
during the period of OSCS contamination to the control period.
No increase in ACEi use was noted during the time period of the
OSCS contamination. Only very small differences in reported
ACEi1 use were observed if the data were filtered for either
hypotension or gastrointestinal symptoms.

As passive adverse event reporting has many limitations, there
are alternative explanations for any unobserved or observed
differences in frequencies. To better understand the limits of these
observations, a number of control medications and events were
also evaluated. The frequency of reports with angiotensin II
antagonists, drugs with some mechanistic similarity to ACEi also
did not notably change during the time period of OSCS
contamination. There was also no notable change in the reporting
of statin use but there was a small decrease in the reporting of

@ PLoS ONE | www.plosone.org

Table 1. Characteristics of AE associated with Heparin & Dialysis 2000-2010.
All (No Filter) Hypotension Gl symptoms
All except 11/ 11/2007-3/ All except 11/2007-3/ 11/2007-3/ All except 11/2007-3/ 11/2007-3/

Characteristic 2007-3/2008 2008 2008 2008 2008 2008
AE Case Reports

All 1585 817 327 381 308 426

Rate/month 12,5 163.4 26 76.2 24 85.2
Contact System Sx

Hypotension 20.6% 46.6%

Gastrointestinal Sx 19.4% 52.1%
Infections

Infections 28.7% 32.4% 48.3% 39.6% 48.4% 32.2%

Sepsis-Septic 13.8% 14.9% 29.7% 24.1% 28.9% 13.8%
BK Metabolism

ACE inhib. 22.5% 21.5% 24.2% 25.7% 25.6% 27.5%
Anti-infectives

Antiinfectives 44.5% 21.7% 39.8% 27.6% 37.3% 20.0%

Antibact./Antibiot. 41.1% 20.8%
Control Drugs

ATii antagon. 9.7% 8.2%

Statins 25.4% 24.8%

Diabetes Meds 29.9% 25.9%
Control Events

HIT 5.9% 6.5%

Myopathy-Myolysis 2.8% 2.9%
doi:10.1371/journal.pone.0034978.t001
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medications for diabetes. Reports of heparin induced thrombocy-
topenia and a variety of myopathies did not have a notable change
in frequency during the period of OSCS contamination. This
finding makes it less likely that the observed decreases in reporting
of infections and anti-infective use during the time period of OSCS
contamination are due to dilution of reported clinical problems.

Discussion

The adverse events associated with OSCS contaminated
heparin have been linked to kallikrein activation. Although
OSCS-driven increases in anaphylactic toxins C3a and C5a have
also been demonstrated in vitro, OSCS-driven kallikrein activation
has been shown in both in vitro and in vivo studies [6]. Pigs treated
with OSCS also developed hypotension, a predominant feature of
the adverse events seen in OSCS exposed patients. Factor XIIa
was also shown to be important in kallikrein activation by OSCS
[6]. OSCS was additionally shown to lead to bradykinin
generation [25]. Bradykinin is a 9-amino acid proinflammatory
peptide that can mediate pain, potent vasodilation and increased
vascular permeability, [25,30] leading to accumulation of fluid in
the interstitium. These biological effects can cause clinical
symptoms, including gastrointestinal symptoms such as nausea,
vomiting, diarrhea, abdominal pain and lower blood pressure
[8,10,25,30,31]. This supports a role for the contact system in
contaminated heparin adverse events.

Of note, in the Kishimoto study [6] not all the exposed animals
exposed to OSCS or contaminated heparin developed hypoten-
sion. This is not surprising since the vast majority of patients who
received contaminated heparin lots did not report adverse events
[4,8]. It is important to understand what factors may have altered
patient susceptibility to OSCS and factors that influence levels of
BK would be likely candidates.

Factors that can influence BK levels are diagramed in figure 6;
all of the listed factors may play a role in susceptibility to OSCS.
OSCS can facilitate FXIla conversion of pre-kallikrein (PK) to
kallikrein, which is a pivotal factor in contact system activation
[10,31]. OSCS has been shown to bind FXIIa as well as FXII and
may enhance conversion of FXII to FXIla as well as stabilize the
complex of FXIla and PK [31]. This increases FXIla conversion
of pre-kallikrein into kallikrein and kallikrein can then proteolyt-
ically cleave high molecular-weight kininogen (HMWK) into
bradykinin (BK). C1 inhibitor has been shown to be the major
mhibitor of FXIIa and an important inhibitor of kallikrein [32].
The critical role of C1 inhibitor in blocking two key mediators of
BK generation suggests that it is an important factor in OSCS-
mediated adverse events. OSCS may also have a direct effect on
Clinh, as other glycosaminoglycans have been demonstrated to
bind Clinh and impact Clinh functionality [14]. Our results
support a key role of Cl inhibitor in OSCS associated adverse
events. We found that Clinh regulates the OSCS-induced FXII-
dependent kallikrein activity. OSCS-induced kallikrein activity
was dramatically increased after depletion of Clinh from plasma.
The addition of Clinh completely attenuated OSCS-induced
kallikrein activity. Plasma from patients with septic shock patients
had a higher average Clinh level and exhibited lower average
OSCS-induced kallekrein activity. Plasma from patients with
lower levels of Clinh had higher OSCS-induced kallikrein activity.

The CDC study [4] suggested a high frequency of drug allergy
(mostly antibiotics) in patients with OSCS-mediated adverse
events. We only observed a small increase in OSCS-mediated
kallikrein activation in those samples as compared to normal
plasma (data not shown)

@ PLoS ONE | www.plosone.org
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To better understand the relationship between adverse events,
infection and thus Clinh, we evaluated adverse event reports
associated with heparin and dialysis. Reports of the expected
symptoms of OSCS-contaminated heparin were less likely to be
associated with infection and sepsis during the time period of
OSCS contaminated heparin. In addition, reports of anti-infective
use were less frequent during the time period of OSCS-
contaminated heparin. The lower use of antiinfectives was even
more striking than the lower rates on infection. This may indicate
that more serious infections were even less likely to be associated
with OSCS-mediated adverse events. However, the possibility that
specific antibiotics were protective independent of infection was
considered. Although unlikely, the high rate of antibiotic allergies
observed by the CDC study [4] could reflect a lower likelihood of
specific antibiotic use by allergic patients. Thus we evaluated
whether the decreased use of antibiotics was limited to one class of
drugs. Although the decreased reporting of different antibiotic
classes was variable, it was seen across multiple classes making a
highly specific protective effect less likely (data not shown).

The evaluation of adverse event reports has a number of
limitations, as they represent passive reports with the challenges of
inconsistent reporting and reporting that lacks essential details [8].
Public knowledge of a product recall, such as occurred with
heparin, stimulates increased reporting of adverse events.
Although a much higher rate of reporting may be seen for both
related and unrelated events, the increased reporting could
potentially dilute out some other adverse events. This could lead
to an artificial reduction in the relative reporting of events such as
infections. We had a number of controls to indicate that the
reductions in frequency we observed were unlikely to be spurious.
Reported control events were not reduced in frequency and
although anti-infective use was reduced throughout the high
reporting period, infection reports were only reduced in the
context of OSCS-mediated symptoms. Thus it is unlikely dilution
accounts for our observations. Adverse event reports are often
duplicated so the database we used has an electronic de-
duplication algorithm. Our data does not appear to differ notably
in terms of the major adverse events identified from either the
CDC study [4] or the manually de-duplicated database of heparin
adverse event reports [8].

As shown in figure 6, when BK is generated, levels are limited
due to degradation by three BK kininases, angiotensin-converting
enzyme (ACE), aminopeptidase P (APP) and carboxypeptidase N
(CPN), which cleave BK at the 7-8, 1-2, and 8-9 positions,
respectively [32,33,34]. Due to these enzymes, BK is usually
degraded within minutes after its generation and does not
accumulate [32]. In the kinin-kallikrein system, any shift of the
generation or degradation of BK can change levels of BK. A
recent study by Adam et. al. showed OSCS induction of BK in
ACEi treated human plasma [25]. This finding supports kallikrein
generation of BK as the mechanism for OSCS induced adverse
events and suggests that ACEi use could be another risk factor for
OSCS mediated adverse events. The CDC study [4] noted 26% of
patients with contaminated heparin mediated events were on
ACE4, a prevalence that did not appear to be greater than
expected. Our study did not find a meaningful increase in the
frequency of cases reporting ACEi use during the time period of
the OSCS contamination. Since ACEi blockade of BK degrada-
tion should lead to increased accumulation of BK, the lack of a
relationship between ACEi and adverse events needs explanation.
The use of ACEi may lead to compensatory increases in other
mechanisms to clear BK such as APP, CPN or other proteases.
ACEi associated angioedema only occurs in 0.1 to 1% of treated
patients suggesting a large fraction of treated patients have
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compensatory mechanisms to assure BK clearance [35]. A study
on ACEi angioedema suggests differences in induction of Des-Arg
BK instead of BK correlate with ACEi angioedema [36]. Although
compensatory mechanisms and kinin specificity may explain the
lack of an association of adverse events with ACEi, further
evaluation is needed.

Our observations regarding Clinh have broader implications
than OSCS contamination and infection. There are many other
potential causes of decreased Clinh. Although the genetic
deficiency of Clinh in humans, hereditary angioedema, is a very
rare life-threatening disorder [11,23,37,38], there may be some
asymptomatic patients who are missed, including relatives of
known cases [39]. Consumption of Clinh may occur in patients
with autoimmunity such as SLE [40,41,42,43]. Antibodies to C1
inh have been observed in some healthy individuals as well as SLE
patients [43] and such antibodies may predispose healthy
individuals to contact system stressors such as OSCS. Adaptive
Clinh deficiency can be observed in patients with B cell
lymphoma [21,44]. Some hormone products, such as estrogen
containing oral contraceptives may impact genetic Cl inh
deficiency as well as lead to a mild C1 inh deficiency in unaffected
individuals [39]. C1 inh decreases during open heart surgery [22]
and low C1 inh levels were correlated with capillary leak syndrome
in children undergoing cardiac bypass surgery [45]. Of note ~5%
of patients with heparin associated adverse events in the CDC
study [4] and 16% of heparin associated adverse events in the
AERS study [8] were linked to cardiac procedures.

It is likely that many inflammatory conditions can alter Clinh
levels through consumption or increased synthesis. Since these
opposing responses may occur together, functional Clinh levels
may be dynamic and differ over time in the same patient. Real-
time monitoring of Clinh activity may be useful in understanding
the dynamics of susceptibility to contact system triggers. Although
Clinh levels vary between patient populations, there is significant
variability within a population as seen in figure 5. This suggests
that in addition to all the individuals with defined pathological

@ PLoS ONE | www.plosone.org

states that alter C1 inh levels, there will be a subset of individuals
within the normal population who are more susceptible to contact
system triggers. Although we demonstrate a correlation between
lower levels of kallikrein generation and increased levels of
functional Clinh in patient samples, the limited correlation
suggests there are other important factors in addition to Clinh
levels. As the patho-physiology of sepsis or infectious disease is
complicated and may change multiple factors, the OSCS-induced
lower kallikrein production in septic patients might be a
consequence of combination of several parameters such as lower
prekallikrein and/or Factor Xlla levels [28] in addition to an
increased Clinh level. In addition, in the cases of sepsis, other
protease inhibitors, such as alpha-2-macroglobulin, may also
decrease [27]. It will be important to better understand the role of
other potential factors such as those shown in figure 6. A
combination of factors may fully explain the low rate of reported
events.

In conclusion, several types of data indicate that Clinh level is
likely to be an important factor in patient susceptibility to OSCS-
contaminated heparin. The totality of data from i vitro studies on
Clinh effects, evaluation of clinical samples and clinical adverse
event reports supports the relevance of Cl inhibitor as an
important factor. Although current analytics can detect future
OSCS contaminations, other contaminants and/or other products
may also trigger the contact system and lead to adverse events.
Understanding patient susceptibilities to contact system activation
may facilitate strategies to prevent such adverse events. For
example, with appropriate supportive clinical studies and regula-
tory approval, there may be a role for Clinh in therapy or
prevention when treatments with potential contact system
reactions are necessary.

Supporting Information

Appendix S1
DOC)

April 2012 | Volume 7 | Issue 4 | 34978



Acknowledgments

The authors thank Anjanette Smith and Lucinda Buhse of the Division of
Pharmaceutical Analysis, FDA at St. Louis for providing OSCS. We thank
Jenna Lyndly for providing help with Empirica Signal software. We also
thank David Frucht for comments to the manuscript.

References

1.

16.

21.

22.

Charles SC, Frisch PR (2005) Adverse Events, Stress, and Litigation: A Physician’s
Guide. New York: Oxford University Press. 288 p.

Morris JA, Carrillo Y, Jenkins JM, Smith PW, Bledsoe S, et al. (2003) Surgical
adverse events, risk management, and malpractice outcome: morbidity and
mortality review is not enough. Ann Surg 237: 844-851; discussion 851-842.
Deis JN, Smith KM, Warren MD, Throop PG, Hickson GB, et al. (2008)
Transforming the Morbidity and Mortality Conference into an Instrument for
Systemwide Improvement (Vol. 2: Culture and Redesign).

Blossom DB, Kallen AJ, Patel PR, Elward A, Robinson L, et al. (2008) Outbreak
of adverse reactions associated with contaminated heparin. N Engl J Med 359:
2674-2684.

Guerrini M, Beccati D, Shriver Z, Naggi A, Viswanathan K, et al. (2008)
Oversulfated chondroitin sulfate is a contaminant in heparin associated with
adverse clinical events. Nat Biotechnol 26: 669-675.

Kishimoto TK, Viswanathan K, Ganguly T, Elankumaran S, Smith S, et al.
(2008) Contaminated heparin associated with adverse clinical events and
activation of the contact system. N Engl ] Med 358: 2457-2467.

Tami C, Puig M, Reepmeyer JC, Ye H, D’Avignon DA, et al. (2008) Inhibition
of Taq polymerase as a method for screening heparin for oversulfated
contaminants. Biomaterials 29: 4808-4814.

McMahon AW, Pratt RG, Hammad TA, Kozlowski S, Zhou E, et al. (2010)
Description of hypersensitivity adverse events following administration of
heparin that was potentially contaminated with oversulfated chondroitin sulfate
in early 2008. Pharmacoepidemiol Drug Saf.

Kemp SF, deShazo RD (2008) Prevention and treatment of Anaphylaxis. In:
Lockey RF, Ledford DK, eds. Allergens and Allergen Immunotherapy Fourth
ed. New York: Informa Healthcare USA, Inc. pp 477-498.

Schwartz LB (2008) Heparin comes clean. N Engl J] Med 358: 2505-2509.
Cugno M, Zanichelli A, Foieni F, Caccia S, Cicardi M (2009) Cl-inhibitor
deficiency and angioedema: molecular mechanisms and clinical progress.
Trends Mol Med 15: 69-78.

. Johnson AM, Alper CA, Rosen FS, Craig JM (1971) C1 inhibitor: evidence for

decreased hepatic synthesis in hereditary angioneurotic edema. Science 173:

553-554.

. van der Graaf F, Koedam JA, Griffin JH, Bouma BN (1983) Interaction of

human plasma kallikrein and its light chain with C1 inhibitor. Biochemistry 22:
4860-4866.

Wauillemin WA, te Velthuis H, Lubbers YT, de Ruig CP, Eldering E, et al.
(1997) Potentiation of C1 inhibitor by glycosaminoglycans: dextran sulfate
species are effective inhibitors of in vitro complement activation in plasma.
J Immunol 159: 1953-1960.

Emonts M, de Jongh CE, Houwing-Duistermaat JJ, van Leeuwen WB, de
Groot R, et al. (2007) Association between nasal carriage of Staphylococcus
aureus and the human complement cascade activator serine protease Cl
inhibitor (C1INH) valine vs. methionine polymorphism at amino acid position
480. FEMS Immunol Med Microbiol 50: 330-332.

Joseph K, Tholanikunnel BG, Kaplan AP (2009) Factor XII-independent
cleavage of high-molecular-weight kininogen by prekallikrein and inhibition by
C1 inhibitor. J Allergy Clin Immunol 124: 143-149.

Kleinschnitz C, Stoll G, Bendszus M, Schuh K, Pauer HU, et al. (2006)
Targeting coagulation factor XII provides protection from pathological
thrombosis in cerebral ischemia without interfering with hemostasis. J Exp
Med 203: 513-518.

Blanch A, Roche O, Urrutia I, Gamboa P, Fontan G, et al. (2006) First case of
homozygous C1 inhibitor deficiency. J Allergy Clin Immunol 118: 1330-1335.
Han ED, MacFarlane RC, Mulligan AN, Scafidi J, Davis AE (2002) Increased
vascular permeability in C1 inhibitor-deficient mice mediated by the bradykinin
type 2 receptor. J Clin Invest 109: 1057-1063.

Cugno M, Zanichelli A, Bellatorre AG, Griffini S, Cicardi M (2009) Plasma
biomarkers of acute attacks in patients with angioedema due to Cl-inhibitor
deficiency. Allergy 64: 254-257.

Levi M, Hack CE, van Oers MH (2006) Rituximab-induced elimination of
acquired angioedema due to Cl-inhibitor deficiency. Am J Med 119: e3-5.
Munkvad S, Jespersen J, Gram J, Overgaard K, Ranby M (1990) Effects of
methylamine and heparin on a rapid chromogenic assay of C1-esterase inhibitor

in plasma. Clin Chem 36: 737-741.

@ PLoS ONE | www.plosone.org

12

C1 Inhibitor and Risk of Contaminated Heparin

Author Contributions

Conceived and designed the experiments: ZZ SK. Performed the
experiments: ZZ. Analyzed the data: ZZ TG KA KH SK. Wrote the
paper: SS SK KH.

26.

27.

29.

30.

31.

36.

37.

38.

40.

41.

42,

43.

44.

Nuijens JH, Eerenberg-Belmer AJ, Huijbregts CC, Schreuder WO, Felt-
Bersma R], et al. (1989) Proteolytic inactivation of plasma C]1- inhibitor in sepsis.
J Clin Invest 84: 443-450.

Zhou ZH, Zhang Y, Hu YF, Wahl LM, Cisar JO, et al. (2007) The broad
antibacterial activity of the natural antibody repertoire is due to polyreactive
antibodies. Cell Host Microbe 1: 51-61.

. Adam A, Montpas N, Keire D, Desormeaux A, Brown NJ, et al. (2010)

Bradykinin forming capacity of oversulfated chondroitin sulfate contaminated
heparin in vitro. Biomaterials 31: 5741-5748.

Hagman R, Ronnberg E, Pejler G (2009) Canine uterine bacterial infection
induces upregulation of proteolysis-related genes and downregulation of
homeobox and zinc finger factors. PLoS One 4: ¢8039.

Martinez-Brotons F, Oncins JR, Mestres J, Amargos V, Reynaldo C (1987)
Plasma kallikrein-kinin system in patients with uncomplicated sepsis and septic
shock-comparison with cardiogenic shock. Thromb Haemost 58: 709-713.
Aasen AO, Erichsen NS, Gallimore MJ, Amundsen E (1980) Studies on
components of the plasma kallikrein-kinin system in plasma samples from
normal individuals and patients with septic shock. Adv Shock Res 4: 1-10.
Kalter ES, Daha MR, ten Cate JW, Verhoef ], Bouma BN (1985) Activation and
inhibition of Hageman factor-dependent pathways and the complement system
in uncomplicated bacteremia or bacterial shock. J Infect Dis 151: 1019-1027.
Bryant JW, Shariat-Madar Z (2009) Human plasma kallikrein-kinin system:
physiological and biochemical parameters. Cardiovasc Hematol Agents Med
Chem 7: 234-250.

Li B, Suwan J, Martin JG, Zhang F, Zhang Z, et al. (2009) Oversulfated
chondroitin sulfate interaction with heparin-binding proteins: new insights into
adverse reactions from contaminated heparins. Biochem Pharmacol 78:
292-300.

Kaplan AP, Ghebrehiwet B (2010) The plasma bradykinin-forming pathways
and its interrelationships with complement. Mol Immunol 47: 2161-2169.
Nikpoor B, Duan QL, Rouleau GA (2005) Acute adverse reactions associated
with angiotensin-converting enzyme inhibitors: genetic factors and therapeutic
implications. Expert Opin Pharmacother 6: 1851-1856.

Skidgel RA (1992) Bradykinin-degrading enzymes: structure, function, distribu-
tion, and potential roles in cardiovascular pharmacology. J Cardiovasc
Pharmacol 20 Suppl 9: S4-9.

Beltrami L, Zingale LC, Carugo S, Cicardi M (2006) Angiotensin-converting
enzyme inhibitor-related angioedema: how to deal with it. Expert Opin Drug
Saf 5: 643-649.

Molinaro G, Cugno M, Perez M, Lepage Y, Gervais N, et al. (2002)
Angiotensin-converting enzyme inhibitor-associated angioedema is character-
ized by a slower degradation of des-arginine(9)-bradykinin. J Pharmacol Exp
Ther 303: 232-237.

Agostoni A, Aygoren-Pursun E, Binkley KE, Blanch A, Bork K, et al. (2004)
Hereditary and acquired angioedema: problems and progress: proceedings of
the third C1 esterase inhibitor deficiency workshop and beyond. J Allergy Clin
Immunol 114: S51-131.

Hack CE, Relan A, van Amersfoort ES, Cicardi M (2012) Target levels of
functional Cl-inhibitor in hereditary angioedema. Allergy 67: 123-130.

. Yip J, Cunliffe W] (1992) Hormonally exacerbated hereditary angioedema.

Australas ] Dermatol 33: 35-38.

Loescher A, Edmondson HD (1988) Lupus erythematosus—a case of facial
swelling. Br J Oral Maxillofac Surg 26: 129-132.

Lahiri M, Lim AY (2007) Angioedema and systemic lupus erythematosus—a
complementary association? Ann Acad Med Singapore 36: 142-145.
Martinez-Barricarte R, Heurich M, Valdes-Canedo F, Vazquez-Martul E,
Torreira E, et al. (2010) Human C3 mutation reveals a mechanism of dense
deposit disease pathogenesis and provides insights into complement activation
and regulation. J Clin Invest 120: 3702-3712.

Meszaros T, Fust G, Farkas H, Jakab L, Temesszentandrasi G, et al. (2010) C1-
inhibitor autoantibodies in SLE. Lupus 19: 634-638.

McLean-Tooke A, Stroud C, Sampson A, Spickett G (2007) Falsely normal C4
in a case of acquired C1 esterase inhibitor deficiency. J Clin Pathol 60: 565-566.
Stiller B, Sonntag J, Dahnert I, Alexi-Meskishvili V, Hetzer R, et al. (2001)
Capillary leak syndrome in children who undergo cardiopulmonary bypass:
clinical outcome in comparison with complement activation and C1 inhibitor.

Intensive Care Med 27: 193-200.

April 2012 | Volume 7 | Issue 4 | 34978



